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Abstract 
Background. Heavy working conditions, as well as sedentary behaviour, are risk factors for health. There is a lack of wearable 
measurement systems for monitoring carried loads while walking. Pedobarography, the study of force fields acting between the 
plantar surface of the foot and a supporting surface, is supposed to be useable for estimating carried loads. Purpose. The aim of 
this paper is to present a novel method for selecting appropriate measurement samples for weight estimation of carried load 
during walk and a wearable system, based on pedobarography, consisting of commercial off the shelf components. The main idea 
is to choose samples when half of the total weight is on the forward sensors and the other half is on the heel sensor "equipoise" in 
one foot while the other foot not touches the ground. Methods. The system consists of insoles with force sensing resistors, data 
acquisition with IOIO-OTG and analysis in Excel. Each subject was weighed on an electronic floor scale. Three walks were 
performed on level ground. The first walk without any added load and then with two increases of carried load. Equipoise was 
defined as having half the weight distributed on the heel and the other half over the metatarsal pad. An equipoise value of 0.5 
represents equilibrium regarding the weight distribution on one foot, with the other foot in the air. Samples were chosen in the 
equipoise region of 0.5±0.1 and then the average of the samples collected during one minute estimated the total weight. Results. 
The system can detect increases in carried loads but has a tendency to overestimate them. The estimated value was always larger 
with increased weight but the system was not always linear. The average overestimation error was 16.7kg. Discussion. This 
study shows that this type of wearable system is usable for estimating carried load during walk after calibration of the system to 
the body weight force distribution on the sensors. There is still need for future development to obtain real-time analysis and direct 
feedback. A smaller and lighter measurement system is also desirable. Conclusion. This study shows that the novel method, 
equipoise, is usable for selecting appropriate measurement samples for weight estimation of carried load during walk. This study 
also shows that the wearable system, consisting of commercial off the shelf components, can be used for these measurements. 
However, there is a tendency to overestimate the loads. 
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1. Introduction 
Evaluation of heavy working conditions is important to prevent injuries, but there is a lack of wearable 
measurement systems for monitoring weight loads while working. Heavy workload and the accumulation of loads or 
frequency of lifts are moderate to strong risk factors for low back pain 1. It is one of the most common health 
problems and the total amount of people suffering from low back pain at any given time will also increase in the 
future due to increase in life expectancy 2. 
Wireless wearable sensor systems can monitor everyday activities and feedback improves the worker's awareness 
and helps in evaluating the working conditions 3. Pedobarography, the study of force fields acting between the 
plantar surface of the foot and a supporting surface, has been utilized in many applications. Examples are gait and 
posture analysis 4, footwear design 5, prosthetics evaluation 6, humanoid robotics 7 and sports biomechanics 8. 
Previous studies indicate that weight estimation is possible with pedobarography. However, to the authors´ 
knowledge, very few publications are available in the literature that address the issue of defining suitable force 
measurement samples for weight estimation. Sazonova et al. 9 have demonstrated that rough estimates of body 
weight can be made with point force measurements during standing with minimal motion "quiet standing". This 
approach is not useful in situations where the person is moving around while carrying a load. 
Sedentary behaviour is the opposite risk factor for health in contrast to heavy workdays. Also, here the carried 
load is of interest to measure during periods of physical activity. Accelerometers are common for monitoring 
physical activity 10. The amount and intensity of the physical activity can be estimated if carried load over time is 
measured. Pedobarography may be a way to do these measurements. 
The aim of this paper is to present a novel method for selecting appropriate measurement samples for weight 
estimation of carried load during walk and a wearable system, based on pedobarography, consisting of commercial 
off the shelf components. The main idea is to choose samples when half of the total weight is on the metatarsal pad 
sensors and the other half is on the heel sensor "equipoise" in one foot while the other foot not touches the ground.  
The structure of this paper is methods, results, discussion and finally the conclusion. 
2. Methods 
This section presents the measurement system, experiment and the analysis. 
2.1 The measurement system 
Capacitive 11, piezoelectric 12, resistive 13 and optoelectronic 14 are the four most common types of sensors used 
for in-shoe measurements of forces between the foot and the shoe. Ideal sensor properties are low sensor height, 
small sensor area, low sensitivity for temperature change, high linearity, low hysteresis, good electrical stability and 
good durability. The environment inside a shoe is fairly harsh as there will be moisture due to foot sweat and also 
mechanical stress. 
The force sensing resistor ESS301 (Tekscan Inc., Boston, MA, USA) is used in the system. The sensor has a 
round sensing area with a diameter of 9.5mm, 0.20mm thickness and is able to withstand a humidity of 95%. 
Pressure is the average force over the sensor area divided by the sensor area. The FlexiForce adapter 1120 (Phidgets 
Inc., Calgary, Canada) amplifies the signal and connects the sensor to an IOIO-OTG (SparkFun Electronics Inc., 
Niwot, CO, USA) for data acquisition and wireless data transmission to an Android tablet using a LogiLink 
Bluetooth 4.0 dongle with chipset CSR BC8510 (CSR plc, Cambridge, UK). The Android application IOIO Meter 
Voltage Measurement version 1.1.0 (Johannes Rieke, available from Google Play) recorded the data. Six analogue-
to-digital channels were used since there are three force sensors for each foot. The data files were synchronized to a 
Windows computer with Microsoft Excel 2013 (Microsoft, Redmond, WA, USA) for data analysis. The central part 
of the measurement system can be seen in Fig. 1. 
In this study three sensors were used for each foot with sensor locations at the heel and right and left side of the 
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metatarsal pad. This sensor setup is common in pedobarography with discrete sensors locations decided by the 
foot’s bones, where the highest force peaks are. If more sensors are used they are often located under hallux (big 
toe), the metatarsal heads and different areas of the heel 6, 13, 15. The sensors were attached to insoles, see Fig. 2 (the 
hallux force sensor and the temperature sensor under the foot valve were not used in this study). The insoles are 
placed inside the shoes. The manufacturer's guidelines for sensor calibration was followed. 
 
 
Fig. 1. Central part of the measurement system. A and B connects to the force sensors, C is adapter cards with amplifiers, D is IOIO-OTG for 
data acquisition, E is Bluetooth dongle, F is battery and G is the system case. The weight is 0.4kg. 
 
Fig. 2. The left insole. The big toe pad sensor and temperature sensor under the foot valve were not used in this study. 
2.2 Experiment 
Ten subjects, with weight ranging from 73.6kg to 100.0kg including the measurement system, participated in this 
study. The body weight including 0.4kg from the measurement system, the EU shoe size and the foot valve of the 
test subjects are seen in Table 1. 
The experiment was carried out walking on level ground for each data set. All subjects have an EU shoe size 
between 43 and 44 and used the same measurement insoles and shoes. Five minutes of settling time after putting on 
the shoes was used to allow the sensors to reach body temperature before starting to measure. 
The body weight of the test subject, without shoes, was measured with a floor scale (Rubicson, model BF811) 
with 0.1kg resolution up to 180kg as reference scale. The subject was told to walk without load and then with two 
different loads, 7.7kg and 12.8kg, respectively.  
The force data was sampled at 200Hz with the measurement system described above. The data from the force 
sensing resistors was collected during one minute walks and then post-processing was performed with Microsoft 
Excel. 
Table 1. Test subject information. 
Test 
Subject 
Body Weight incl. 
the System[kg] 
Shoe Size 
[EU] 
Foot 
Valve 
1 80.7 43 High 
2 93.0 43.5 Normal 
3 85.0 44 Normal 
4 96.5 44 Low 
5 100.0 43.5 Normal 
6 88.0 44 Normal 
7 76.9 43 High 
8 92.2 44 Low 
9 73.6 43 High 
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10 91.2 44 Normal 
2.3 Analysis 
The analysis section is divided into two parts, equipoise and calculations. 
2.3.1 Equipoise 
One of the challenges with estimating body weight using discrete force sensors is to choose appropriate 
measurement samples. A new method is proposed in this paper where samples are used when there is 50% weight 
distribution on the heel sensor and the other half on both the metatarsal pad sensors on the foot in contact with the 
ground, equipoise. The other foot is in the air which means all the weight is on one foot. The equipoise definition 
allows for walking around since this equipoise happens only once between heel strike and toe-off. 
2.3.2 Calculations 
Data was post-processed in Microsoft Excel. An equipoise value of 0.5 means that half the body weight is on the 
heel on the other half on the metatarsal pad sensors. All equipoise samples with its values in the interval 0.5±0.1 
were chosen for further data analysis. If there was force on the sensors of the other foot the samples were discarded 
since not all of the body weight was on the equipoise foot. An average of the force for the samples was calculated. 
The actual body weight, measured with the reference scale, was used as input to calibrate the system. The 
calibration factor is the average force data for the body weight. All samples for additional carried load were then 
normalized using the calibration factor. This factor is individual due to foot characteristics for each subject. 
The calibration factor was then used to estimate the total weight after measuring the force on the insoles while 
carrying a load.  
3. Results 
Measurements were performed on 10 subjects. A weight ranging from 73.6kg to 112.8kg was examined resulting 
in an estimated weight, based on the average of equipoise samples collected during one minute of walking. Test 
subject number, actual weight , estimated weight and the estimation error are shown in Table 2.  
Table 2. Actual weight and estimated weight of each test subject, with and without carried load, and the error. 
Test Subject 
[number] 
Actual Weight 
[kg] 
Estimated Weight 
[kg] 
Estimation 
Error [kg] 
1 80.7 Calibration  
1 88.4 95.5 7.1 
1 93.5 106.3 12.8 
2 93.0 Calibration  
2 100.7 94.8 -5.9 
2 105.8 99.4 -6.4 
3 85.0 Calibration  
3 92.7 99.9 7.2 
3 97.8 108.0 10.2 
4 96.5 Calibration  
4 104.2 116.3 12.1 
4 109.3 124.0 14.7 
5 100.0 Calibration  
5 107.7 115.2 7.5 
5 112.8 126.5 13.7 
6 88.0 Calibration  
6 95.7 115.5 19.8 
6 100.8 118.9 18.1 
7 76.9 Calibration  
7 84.6 98.7 14.1 
7 89.7 151.5 61.8 
8 92.2 Calibration  
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8 99.9 113.0 13.1 
8 105.0 135.1 30.1 
9 73.6 Calibration  
9 81.3 77.4 -3.9 
9 86.4 115.0 28.6 
10 91.2 Calibration  
10 98.7 137.8 39.1 
10 103.8 143.6 39.8 
 
The results show that the measurement system can detect increases in carried load. There is however a tendency 
to overestimate the weight. The estimated weight was always larger with increased carried load but the system was 
not always linear. The largest error was an overestimation of the total weight by 61.8kg. The average overestimation 
error was 16.7kg. Estimated weight vs actual weight can be seen in Fig. 3. 
 
 
Fig. 3. Estimated weight [kg] on y-axis and actual weight [kg] on x-axis. The dotted line is the ideal case. Least mean square resulted in the 
dashed line. 
Estimation error vs actual weight is shown in Fig. 4. The mean absolute error is 15.9kg for the 361 samples with 
additional carried weights. The standard deviation is 29.1kg. The upper limit is 74.1kg and the lower limit is -42.3kg 
with a 95% confidence interval. 
 
 
Fig. 4. Estimation error [kg] on y-axis and actual weight [kg] on x-axis. The mean absolute error is 15.9kg, based on 361 equipoise samples. 
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4. Discussion 
This paper presents a novel method and a measurement system, built by commercial components, which together 
can estimate carried load during walk.  
The novel method for selecting appropriate measurement samples for this weight estimation. To our knowledge, 
this is the first study that select samples in this way. Goffar et al. 16 showed that, regardless of foot arch type, 
increases in load did not alter the relative distribution of force. This indicates that the equipoise approach is suitable 
for feet with different foot valves. The test subjects in the study have low, normal and high foot valves and the 
system performed well in all cases.  
This study indicates that the proposed wearable system can estimate carried load during walk after calibration of 
the system to the body weight force distribution on the sensors. The system need individual calibration of body 
weight in relation to the forces on the sensors, probably due to different foot characteristics.  
These results are in good agreement with other studies which have shown that pedobarography is a valid 
approach for estimating weight. Another system has proven to be able to measure the weight of a person while 
standing still with an average root mean square error of 10.5kg using nine test subjects 9. The carried loads were 
estimated with an average overestimation of 16.7kg in this study, with measurements made during walk on a plain 
surface.  
This is early measurements on a new relatively inexpensive prototype built with commercial components. The 
sensors have a drift in the output signal the longer they are under load and this could be part of the explanation to the 
overestimation of the loads.  
Subject number 2 walked on the outsides of the feet and this can be a contributing factor to the underestimation 
of the carried loads for this subject. 
Future work includes shrinking the size and weight of the system to make it easier to wear. The post-processing 
should also be replaced with real-time processing to enable direct feedback. 
5. Conclusion 
This study shows that the novel method, equipoise, is usable for selecting appropriate measurement samples for 
weight estimation of carried load during walk. This study also shows that the wearable system, consisting of 
commercial off the shelf components, can be used for these measurements. However, there is a tendency to 
overestimate the loads. 
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